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ABSTRACT
Are the initial conditions for clustered star formation the same as for non-clustered star formation? To investigate the initial gas prop-
erties in young proto-clusters we carried out a comprehensive and high-sensitivity study of the internal structure, density, temperature,
and kinematics of the dense gas content of the NGC1333 region in Perseus, one of the nearest and best studied embedded clusters. The
analysis of the gas velocities in the Position-Position-Velocity space reveals an intricate underlying gas organization both in space and
velocity. We identified a total of 14 velocity-coherent, (tran-)sonic structures within NGC1333, with similar physical and kinematic
properties than those quiescent, star-forming (aka fertile) fibers previously identified in low-mass star-forming clouds. These fibers
are arranged in a complex spatial network, build-up the observed total column density, and contain the dense cores and protostars
in this cloud. Our results demonstrate that the presence of fibers is not restricted to low-mass clouds but can be extended to regions
of increasing mass and complexity. We propose that the observational dichotomy between clustered and non-clustered star-forming
regions might be naturally explained by the distinct spatial density of fertile fibers in these environments.
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1. Introduction
Clusters are the preferred sites for the formation of most of the
stars in the Milky Way including massive stars (Lada & Lada
2003). The formation of stars in these compact systems is di-
rectly linked to the origin of the universal IMF, the stellar mul-
tiplicity and binary fraction, as well as the formation of plan-
ets (e.g., Bate et al. 2003). Nevertheless, the origin of stars
inside these compact environments remains under debate (see
Krumholz et al. 2014; Longmore et al. 2014, for recent reviews).
An extensive theoretical work demonstrates that the star for-
mation properties within clusters crucially depend on their ini-
tial gas conditions (e.g., Bonnell & Davies 1998; Kroupa et al.
2001; Dale et al. 2005; Goodwin & Bastian 2006; Moeckel &
Bate 2010; Kruijssen et al. 2012). Two main factors limit the ob-
servational characterization of these objects. First, the initial gas
properties within clusters (kinematics, density, temperature...)
are rapidly altered by the direct impact of the stellar feedback, in-
cluding outflows, winds, and radiation pressure (e.g., Dale et al.
2015). As result, only the youngest, embedded proto-clusters are
suitable for these type of studies. Second, proto-clusters present
a compact configuration of gas and stars, orders of magnitude
denser than those of isolated star-forming regions. The interpre-
tation of proto-cluster observations is hampered by the intrin-
sically complex structure and kinematics involving gas along a
wide range of physical conditions.
Of particular interest is the comparison between the star for-
mation mechanisms in clusters and in isolation. Since the first
? Based on observations carried out under project number 169-11
with the IRAM 30m Telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany) and IGN (Spain).
?? Based on observations with the 100-m telescope of the MPIfR
(Max-Planck-Institut für Radioastronomie) at Effelsberg.
millimeter observations of molecular clouds, it is well estab-
lished that individual stars are originated within dense cores
(Myers & Benson 1983). As highlighted by recent Herschel con-
tinuum observations, most of the young stars and cores in low-
mass regions are embedded in filaments of gas and dust dominat-
ing the cloud structure (André et al. 2010, 2014). Molecular line
observations reveal that some of the most prominent Herschel fil-
aments are actually collections or bundles of sonic fibers (Hacar
et al. 2013; Tafalla & Hacar 2015). As demonstrated by the anal-
ysis of their internal gas kinematics, these quiescent fibers set the
initial conditions for the gravitational collapse of cores within
these isolated star-forming clouds (Hacar & Tafalla 2011; Ar-
zoumanian et al. 2013; Hacar et al. 2016a). Interestingly, high-
resolution observations in clusters suggest the presence of an
underlying gas substructure in regions of increasing complex-
ity (e.g., André et al. 2007; Kirk et al. 2013; Fernández-López
et al. 2014; Henshaw et al. 2016). While cores are routinely sur-
veyed within these environments (e.g., Motte et al. 1998), the
identification of a pre-existing fiber-like substructure in clusters
is, however, subject of a strong controversy (e.g., Friesen et al.
2016).
In this paper, we aim to investigate the internal gas sub-
structure in the NGC1333 proto-cluster. After ρ-Oph, NGC1333
is the second nearest young proto-cluster (D=238±18 pc Hi-
rota et al. 2008). Ought to its proximity and northern declina-
tion (δ = +31.5◦), the NGC1333 region has been investigated
along the entire electromagnetic spectrum in the last decades,
becoming one of the best characterized star-forming regions in
the solar neighbourhood (see Walawender et al. 2008, for a re-
view). Its stellar population has been extensively surveyed in
the optical (Racine 1968), IR (Strom et al. 1974; Jennings et
al. 1987; Lada et al. 1996; Jørgensen et al. 2006; Gutermuth et
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al. 2008; Foster et al. 2015), FIR (Enoch et al. 2009; Sadavoy
et al. 2014), radio continuum (Tobin et al. 2016), and X-rays
(Preibisch 1997; Getman et al. 2002). The prominent star forma-
tion of this region is recognized by its intense outflow activity
(Bally et al. 1996), widely characterized in the past using (sub-
)millimeter and IR observations (Knee & Sandell 2000; Hatchell
et al. 2007; Hatchell & Dunham 2009; Arce et al. 2010; Plunkett
et al. 2013; Dionatos & Güdel 2016). Similarly, the gas content
in NGC1333 has been investigated at large scales combining
IR extinction (Lombardi et al. 2010), as well as FIR (Sadavoy
et al. 2014; Zari et al. 2016), millimeter continuum (Sandell &
Knee 2001; Lefloch et al. 1998; Hatchell et al. 2005; Kirk et
al. 2006; Enoch et al. 2007), and line observations (Warin et al.
1996; Ridge et al. 2006; Curtis & Richer 2011). Dedicated sur-
veys have investigated both the core population (Johnstone et al.
2010; Rosolowsky et al. 2008) and dense gas properties of this
cloud in high detail (Walsh et al. 2006, 2007). Here, we present
the analysis of a new set of high-sensitivity, large-scale obser-
vations both N2H+ and NH3 density selective tracers along the
entire NGC1333 region. Combined with previous IR surveys and
archival data, we aim to fully characterize the dense gas proper-
ties (distribution, mass, density, temperature, and kinematics) in
this proto-cluster.
The paper is organized as follows. First, and in Sect. 2, we
present the millimeter line and FIR continuum observations used
in this work. In Sects. 3 and 4, we investigate the mass content,
mass distribution, plus the gas and dust thermal properties of
the NGC1333 cluster. Similarly, we also explore the connection
between the position and distribution of dense gas with the dis-
tribution of the newly formed stars and derive efficiencies and
timescales for its evolution. Section 5 is devoted to the detailed
analysis of the gas velocity field and the detection of fibers in
NGC1333. Finally, and in Sect. 6, we compare these new results
with the structure and properties of the gas found for isolated star
forming regions and discuss their implications for our current
description of the star formation process in molecular clouds.
2. Observations and data reduction
The bulk of the data used in this work corresponds to different
observations carried out with the IRAM 30m telescope of the
central clump of NGC1333 during December 2011 and March
2012. We observed this region at the frequency of the N2H+
(JF1F=123–012) line (93173.764 MHz, Pagani et al. 2009) us-
ing the EMIR receiver. We connected this front-end to the
VESPA autocorrelator configured to provide a spectral resolu-
tion of 20 kHz, equivalent to 0.06 km s−1 at the frequency of
the N2H+ (1-0) line. The observations consist of a large mo-
saic of 35 submaps with sizes between 100×100 and 200×200
arcsec2 each, covering a total area of ∼ 340 arcmin2, centred
at the position (α, δ)J2000 = (03h29m08s.9,+31◦15′12′′) (i.e.,
Core 73 of Rosolowsky et al. (2008)). Each submap was ob-
served multiple times and in orthogonal directions in On-the-fly
(OTF) and frequency-switching (FSw) mode, with a scan veloc-
ity of vscan = 5 arcsec s−1, a dump time of tdump = 1 s, a row spac-
ing of Lrows = 5 arcsec, and a frequency throw of νthrow = ±4.5
MHz. Additionally, and also in FSw mode, we obtained deep in-
tegrations in 70 independent positions along the cloud. Both sky
calibrations and pointing corrections were obtained every ∼ 10-
15 min and ∼ 1.5 hours, respectively. Conversions between an-
tenna and main beam temperatures assumed a standard telescope
main beam efficiency of ηmb = 0.841. The stability of the receiver
and the cross-calibration between different sessions were regu-
larly checked using deep observations of the central position and
were found to be better than 15%.
During November 2011, we also targeted the NGC1333
proto-cluster with the Effelsberg 100m radiotelescope. We
mapped this cloud in both NH3 (1,1) and (2,2) inversion lines
simultaneously at 23694.495 and 23722.633 MHz (Kukolich
1967),respectively, using the P1.3mm front-end and FFT facility
spectrometer set to a spectral resolution of 6 kHz or 0.08 km s−1.
With a final coverage and an observational strategy analogous to
the N2H+ (1–0) maps, a large mosaic was obtained combining
different submaps of 200×200 arcsec2. Each tile was observed
combining orthogonal directions and carried out in OTF and
FSw modes with parameters vscan = 5 arcsec s−1, tdump = 2 s,
Lrows = 20 arcsec, and νthrow = ±2 MHz. In addition to these
maps, high-quality spectra were obtained in 8 position along this
region. Similar to the IRAM30m observations, pointing and fo-
cus corrections were carried out every 1.5-2 hours. Conversely,
these data were calibrated offline and in units of main beam tem-
perature. For that, all the spectra were first converted into an-
tenna temperature units assuming typical Tcal conversion factors,
then corrected by atmospheric attenuation and gain-elevation ap-
plying standard calibration procedures2, and finally corrected by
a main beam efficiency of ηmb = 0.59. To test the quality of
our data and the reduction process, different measurements of
NH3 (1,1) line at the central position of the L1551 core were ob-
tained during our observations. Relative and absolute measure-
ments of the main beam temperature at the central position of
this core were compared to the calibrated results obtained by
Menten & Walmsley (1985) finding differences less than 30% in
all cases.
A total of ∼ 380 000 individual calibrated spectra for the
N2H+ (1–0) and the NH3 (1,1) and (2,2) lines were produced
in our OTF IRAM 30m and Effelsberg 100m observations at the
native telescope FWHM of ∼ 26 and 42 arcsec, respectively. The
data were reduced using GILDAS/CLASS software3. First, the
different datasets were independently combined, convolved, and
Nyquist resampled with a final resolution of 30 arcsec for the
N2H+ and 60 arcsec in the case of the NH3 lines. After that, a
baseline correction was applied to all the resulting spectra after
subtracting a third-order polynomial. The final maps resulted in
a total of 5525 spectra of N2H+ (1–0) and 1006 spectra for each
of the NH3 (1,1) and (2,2) lines, all with typical rms values of
∼ 0.15 K 4.
In addition to our molecular observations, we made use
of the archival high-resolution and high-dynamical range total
column density (N(H2)) and dust effective temperature (Teff)
maps presented by Zari et al. (2016). These maps were ob-
tained from the combination of Gould-Belt Herschel Key-project
data (André & Saraceno 2005) calibrated against both all-sky
Planck galactic maps (Planck Collaboration et al. 2011b) and
the 2MASS-NICER extinction maps (Lombardi et al. 2010) of
the Perseus molecular cloud. The values for the 350µm dust
opacities (τ350µm) derived by Zari et al were transformed into
their corresponding K-band extinction (AK) following the con-
version factors defined by these authors. Every AK measurement
1 Value obtained interpolating facility-provided forward and
beam efficiencies at the N2H+ (1–0) frequency. See also
http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies .
2 See Kraus (2007) at https://eff100mwiki.mpifr-bonn.mpg.de
3 http://www.iram.fr/IRAMFR/GILDAS
4 All the molecular data used in this paper are available via CDS
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Fig. 1. Large scale view of the NGC1333 ridge in Perseus. The image represents the total column density map derived from our Herschel-Planck
maps (in color scale), including two contours of equivalent column densities of AV = 2mag and 10mag, respectively. Offsets are referred to the map
centre with coordinates (α, δ)J2000 = (03h29m08s.9,+31◦15′12′′) in radio projection. The 4 subregions around NGC1333 and their boundaries are
labelled in the plot. The different symbols correspond to the Class 0/I (stars) and Flat/ClassII/III objects (squares) identified by different Spitzer
surveys (Gutermuth et al. 2008; Evans et al. 2009). The dotted line encloses the NGC1333 clump studied in this work.
was converted first into its corresponding visual extinction value
(AV ) and then into its total H2 column density adopting standard
reddening law (AK/AV = 0.112, Rieke & Lebofsky 1985) and
dust-to-gas conversion factors (N(H2)/AV = 0.93 × 1021 cm−2
mag−1, Bohlin et al. 1978). As a result, these data provide us
with fully calibrated N(H2) and Teff maps of the NGC1333 re-
gion with a final resolution of 36 arcsec. Errors in both N(H2)
and Te f f measurements were derived by Zari et al. (2016) and
are estimated on . 10%.
3. Dust continuum emission: Large scale properties
3.1. The NGC1333 ridge
In Fig. 1, we present a large scale view of the NGC1333 region.
In good agreement to the previous extinction (e.g., Lombardi et
al. 2010) and continuum maps (Hatchell et al. 2005; Enoch et
al. 2006; Sadavoy et al. 2013), this figure shows the distribution
of the total gas column density around NGC1333 derived from
our Herschel-Planck maps. The NGC1333 proto-cluster lies at
the centre of a ∼ 2 pc length and elongated dense clump found at
AV ≥ 10mag. This clump belongs to a diffuse gas ridge identified
at AV ≥ 2mag, running approximately north-south along ∼ 6 pc
in the middle of this image. NGC1333 is surrounded by another
three well-known star-forming regions, namely B1, L1448, and
L1455, clearly separated at low column densities.
Figure 1 also shows the distribution of YSOs in the surround-
ings of the NGC1333 ridge. A total of ∼ 180 Spitzer objects
are identified within the boundaries of this map (Jørgensen et
al. 2006; Evans et al. 2009). Counted together, NGC1333, B1,
L1448, and L1455 contain about half of the total YSO popula-
tion and ∼ 85% of the protostars identified in the entire Perseus
cloud. Only NGC1333 contains ∼ 70% of all these objects, most
of them within a radius of 1 pc around its central clump. In-
deed, NGC1333 is the second most active star-forming region
in Perseus after IC 348. NGC1333 contains, nevertheless, two
times more Class 0/I objects than IC 348, denoting its current
star formation activity (Jørgensen et al. 2008). Combining the
information of dedicated surveys at X-rays, optical, and radio
wavelengths, Rebull (2015) identified an total of 277 potential
cluster members within the NGC1333 region. The relative large
number of Class II/III objects suggests that the star formation
process in NGC1333 has been active for the last ∼ 2-3 Myrs.
The current star-formation activity in NGC1333 is likely re-
lated to its large content of gas at high column densities. Within
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Fig. 2. Optical DSS Red image (left) of the NGC1333 clump compared to the Herschel-Planck total column density (centre) and dust effective
temperature (right) maps (Zari et al. 2016). Offsets are referred to the map centre with coordinates (α, δ)J2000 = (03h29m08s.9,+31◦15′12′′) in radio
projection. The position of the two B-type stars (solid white stars), as well as all the Class 0/I protostars (solid black stars) and Class Flat/II/III
objects (solid black squares) identified by Rebull (2015), are indicated in the first subpanel. The black contours correspond to extinction values of
AV = 10 and 20mag and dust effective temperatures of Teff = 14, 16, and 18 K in their respective maps. For comparison, the area covered by our
IRAM30m observations is indicated by a dashed line in all plots (see also Fig. 5).
the AV = 2mag contour defined in Fig. 1, we estimate a total mass
of ∼ 1700 M for the entire NGC1333 ridge, calculated adding
the contribution of all the pixels within this contour assuming a
mean molecular weight of µ = 2.33. Similarly, we also estimate
a total of ∼ 580 M for the gas within NGC1333 at AV ≥ 10mag,
most of them concentrated in its central clump. Compared to
its neighbours, the total mass of the NGC1333 ridge presents
about twice the total mass found in L1455 and L1448 clouds.
Both NGC1333 and B1 show roughly similar masses at low
(AV ≥ 2mag) and intermediate (AV ≥ 10mag) column densities,
while their distribution significantly differ only at relatively high
extinctions (AV > 30mag). These last differences might explain
their distinct star-formation histories.
3.2. Mass distribution within the NGC1333 clump
Figure 2 shows a close-up view of the NGC1333 central clump.
Superposed to the optical DSS-Red image (left), we present the
distribution of the 9 IRAS sources (Jennings et al. 1987) and the
277 YSOs candidates (Rebull 2015) identified within this region.
As seen in this figure, the stellar population of the NGC1333
cluster is dominated by the presence of two late-type B stars,
BD+30◦549 (IRAS9; B8V) and SVS3 (IRAS8; B5e) (Strom et
al. 1974; Cernis 1990). Observed in scattered light in the opti-
cal, both stars are exciting an intense reflection nebula (van den
Bergh 1966; Racine 1968). As pointed out by different studies
(Lada et al. 1996; Gutermuth et al. 2008), the stellar popula-
tion in NGC1333 is segregated in two groups, typically referred
to as North and South subclusters, respectively (see Sect. 4.5).
The North subcluster, centred at the position of (x,y)∼ (50,400)
arcsec in our maps, is located at the surroundings of SVS3 and
is dominated by a large population of Class II/III objects. Con-
versely, the South subcluster is centred around (x,y)∼ (-100,100)
arcsec and contains most of the young sources found in this re-
gion, like IRAS 2, IRAS 4, and SSV13 (IRAS 3).
Figure 2 also illustrates the clumpy distribution of gas in-
side NGC1333 revealed in the continuum (Lefloch et al. 1998;
Sandell & Knee 2001; Hatchell et al. 2005; Enoch et al. 2006).
Most of the high column density material is located in the middle
and southern parts of NGC1333, forming an intricate network of
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cores and filamentary structures (see also Sect. 5.3). The most
prominent condensations of gas are found toward to the posi-
tion of the youngest IRAS sources. Several of these regions, like
in the case of IRAS 3 or IRAS 4, are found at AV > 100mag.
According to our analysis of the kinematics (Sect. 5), these ex-
traordinary column densities are produced by the superposition
of multiple dense gas components along the line-of-sight.
In addition to the previous ground-based continuum observa-
tions, the improved sensitivity of our Herchel-Planck maps allow
us to describe the gas distribution at low extinctions. As seen in
Fig. 2, the gas column density in NGC1333 rapidly decreases
outside its central clump. Most of the YSOs identified in these
region, are enclosed and connected by a contour of AV ∼ 10mag.
The gas distribution traced by these contours also defines a ring-
like region centred at position of SVS3. The coincidence of the
rim of this structure with the extension of the optical reflection
nebula suggests that they are likely tracing the edges of the cav-
ity eroded by this still partially embedded star.
The detailed information provided by the different Spitzer
surveys combined with our continuum maps offers an opportu-
nity to study the radial distribution of the mass in both stellar and
gas components inside the NGC1333 proto-cluster. We estimate
the mass surface density at a given impact parameter Ri from
its centre (Σ (Ri)) from the contribution of all the mass elements
within an annulus Ri ∈ [Ri − δ/2,Ri + δ/2) assuming circular
symmetry:
Σ(Ri) =
1
pi
[
(Ri + δ/2)2 − (Ri − δ/2)2]
∑
m(Ri) (1)
For practical reasons, we identify the centre of the NGC1333
cluster with the centre of our molecular maps. Using Eq. 1, we
have calculated the mass surface density of the gas at different
radii within this cluster using the information of the total mass
per pixel found in our Herschel-Planck column density maps. We
compared these measurments with the mass distribution of dense
gas obtained from our N2H+ maps (see also Sect. 4.4). Likewise,
we have also estimated the mass surface density of stars from the
relative position of the different cluster members in NGC1333,
where all these stars are assumed to present a similar mass of
0.5 M, as expected for an average star following an standard
IMF.
The comparison of the mass surface density from the differ-
ent components in NGC1333 illustrates, in a quantitative way,
some of the properties observed in our maps. Figure 3 (upper
panel) presents the results obtained for the stellar and gas mass
surface density at radii up to 1.3 pc in steps of δ= 0.2 pc from the
centre of this cluster. From their comparison, it is clear that the
distributions of stars and gas are centrally concentrated. How-
ever, each of these components present well differentiated cen-
tral surface densities (Σ0) and radial variations. In particular, a
steep profile is found describing the distribution of stars with
Σstars ∼ 250 M pc−2 (blue points). Contrary to it, the gas dis-
tribution follows a much shallower radial dependency reaching
higher central values of Σgas ∼ 1000 M pc−2 (orange points).
The radial dependency of the gas and stellar surface densi-
ties describes the average properties of the NGC 1333 proto-
cluster in a first order approximation. The intrinsic elongated
shaped of this cluster, the presence of the previously identified
sub-clusters, and its clumpy mass distribution (e.g., see Sect. 4.5)
hampers the detailed interpreation of the above results. Second-
order variations of these absolute values as a function of radius
are found depending on the selection of the cluster centre, its
eccentricity, and radial extension. Likewise, local variations are
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Fig. 3. Mass surface density (Σ; upper panel), relative mass fraction
(mid panel), and Star formation Efficiency for dense gas (lower panel)
as a function of the impact parameter R with respect to the centre of the
NGC1333 cluster (see text). The different physical components of gas
(orange), dense gas (red), Stars (Classes 0-III; blue), Class 0/I protostars
(green), and total mass (i.e. Stars+Gas; black) are color coded in the
corresponding plots.
expected due to the certainly not homogeneous stellar masses in
the case of mass segregation within this cluster.
Less sensitive than the above absolute measurements, of par-
ticular interest is the relative contributions of these gas and stel-
lar components to the total mass of the NGC1333 cluster pre-
sented in Fig. 3 (mid panel). As expected for an embedded proto-
cluster during the early stages of evolution (Lada & Lada 2003),
its total mass load is dominated in & 80% by its gaseous com-
ponent at all radii (Fig. 3, upper panel). Compared to it, the rel-
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Fig. 4. (Left panel) Dust effective temperature (Teff) as a function of
the total column density (N(H2); in logarithmic scale) for all the points
belonging to the NGC1333 clump presented in Fig. 2 (grey squares).
Positions with angular distances R ≤ 200” from the centre of the optical
nebula or R ≤ 50” from the IRAS 1-8 sources are displayed with open
symbols. Positions presenting an I(N2H+) ≥ 1.2K km s−1 are high-
lighted in red. The blue dashed line indicates the eye-fitted lower enve-
lope of all the points in the cloud. The estimated dust effective tempera-
ture (Teff = 12 K) floor is indicated by a dotted line. (Right panel) Nor-
malized histograms of the dust effective temperature for the NGC1333
region (grey) compared with only those points having significant N2H+
emission (red).
atively smaller mass fraction in stars accounts for . 20% of the
total mass within the same region.
3.3. Dust thermal structure of the NGC1333 clump
In Fig. 2 (right), we showed the distribution of the dust effec-
tive temperatures (Te f f ) within the NGC1333 central clump.
The observed values and distribution of Te f f are in good agree-
ment with the temperature structure reported by Hatchell et al.
(2013) using SCUBA2. Traditionally restricted to the highest
column density regions, the larger dynamical range of the new
Herschel-Planck maps (Zari et al. 2016) provides estimations of
the observed Teff within a range of column densities between
1mag . AV . 100mag with relative errors of ∆Teff/Teff . 10%.
The observed Te f f distribution illustrates the limited im-
pact of the current stellar feedback in the global dust thermal
structure of NGC1333. As deduced from Fig. 2 (right), most
of the high column density material of this cloud is found at
Teff . 15 K. Different warm regions are easily recognized for
presenting higher temperatures. The highest temperature mea-
surement in NGC1333 is found at the position of the SVS3 and
in the area enclosing BD+30◦549. Surrounding them, and with
radius of ∼200 arcsec, a region of hot dust is observed coincident
with the optical reflection nebula produced by these two stars
(see left panel). Another five hot spots, with sizes of ∼50 arcsec,
are found at the positions of the different IRAS sources. These
observational signatures demonstrate how some of the most mas-
sive objects within this cloud significantly affect the physical
conditions of their immediate vicinity. Even in these cases, how-
ever, our results suggest that most of the gas in NGC1333 re-
mains insensitive to its emerging stellar population.
Beyond those regions affected by the internal population of
YSOs, we identify an inverse correlation between the dust ef-
fective temperature and the total column density N(H2) in the
NGC1333 clump. The relationship between these two param-
eters is shown in Fig. 4. The highest column density regions
within this cloud are always found presenting the lowest dust
effective temperatures. Contrary to it, regions at lower column
densities exhibit systematically higher temperatures. A mono-
tonic decrease of the effective dust temperature is observed at
intermediate dust column densities, typically within a range of
± 1.5 K (solid points).
A sharp cut off appears to define a physical limit for the min-
imum dust effective temperature at a given column density range
in Fig. 4. Empirically, we fit the lower envelope of the observed
N(H2)-Teff values in NGC1333 with a simple linear relationship
(blue dashed line in the figure):
Teff[K] = 18.5 − 5 × log
(
N(H2)
1021[cm−2]
)
. (2)
The above linear fit describes the global dust properties of this
cluster at column densities between 2mag . AV . 20mag. An
inverse correlation between the observed N(H2) and Teff values
is predicted by models of externally heated starless cores (e.g.
Evans et al. 2001) and clouds (Bate & Keto 2015). In the absence
of internal heating sources, this observational correlation reflects
the expected outside-in temperature gradient determined by the
thermal balance between the external irradiation and the internal
self-shielding and dust cooling as a function of the cloud depth
(see Bate & Keto 2015, for a detailed discussion). As demon-
strated in these models, the slope and shape of this correlation
depends on the detailed physical structure of the cloud and the
intensity of the heating source, typically assumed as the Inter-
stellar Radiation Field (ISRF). Based on a qualitative compari-
son with our observational results, we conclude that the internal
thermal structure of the NGC1333 proto-cluster is primarily de-
termined by the external irradiation of the cloud with a minor
contribution of its embedded stellar population at large scales.
4. Molecular tracers: dense gas properties
Unlike the dust continuum emission, the molecular emission of
the gas is strongly affected by opacity, excitation, and chemi-
cal effects. Although intrinsically more difficult to interpret, the
emission of different key tracers can be used to selectively study
different gas properties in molecular clouds. That is the case of
N-bearing molecules like N2H+ and NH3. While their formation
is inhibited in the diffuse gas, both N2H+ and NH3 molecules
rapidly increase their abundances after the CO freeze-out onto
the dust grains at temperatures < 20 K above and at densities
n(H2) & 104 cm−3 (see Bergin & Tafalla 2007, for a review).
With favourable excitation conditions at these densities, some of
the ground level transitions of these molecules like the N2H+ (1–
0) and NH3 (1,1) and (2,2) lines are regularly employed on the
study of dense cores (e.g. Myers & Benson 1983; Caselli et al.
2002). In this work, we have used large scale emission maps of
these two molecules to investigate the properties of the dense gas
along the entire NGC1333 region.
4.1. N2H+ vs. NH3 line emission: twin dense tracers
Figure 5 shows the total integrated intensity maps of both N2H+
(1–0) (central panel) and NH3 (1,1) lines (right panel) in com-
parison to the total column density of gas (left panel) along the
NGC1333 clump. Rosolowsky et al. (2008) compiled the most
recent census of dense cores in Perseus, including NGC1333,
Article number, page 6 of 25
A. Hacar et al.: Fibers in the NGC1333 proto-cluster
Fig. 5. (Left) Total gas column density towards the NGC1333 central clump. Contours similar to Fig. 2. The solid triangles indicate the position
of the different dense cores identified by Rosolowsky et al. (2008). (Centre) N2H+ (1–0) integrated emission map obtained with the IRAM30m
telescope. (Right) NH3 (1,1) integrated emission map obtained with the Effelsberg 100m telescope. Offsets are referred to the map centre with
coordinates (α, δ)J2000 = (03h29m08s.9,+31◦15′12′′) in radio projection. Contours are equally spaced every 1.2 K km s−1 and 1.0 K km s−1 in the
N2H+ and NH3 maps, respectively. In each case, the area surveyed by our molecular observations is enclosed by a dashed line. The area mapped
in N2H+ is also delineated by a white dashed line on the left panel. The different FWHM are indicated at the lower left corner in the corresponding
plots.
combining different surveys in both lines (Jijina et al. 1999) and
continuum (Kirk et al. 2006; Enoch et al. 2006). Using GBT ob-
servations with a resolution of 31 arcsec, these authors surveyed
a total of 42 dense cores in ammonia within the area mapped
by our IRAM30m observations. Among them, 37 (∼ 88%) ex-
hibit emission counterparts in our N2H+ (1–0) and NH3 (1,1)
maps, typically coincident with the positions of local maxima
in total gas column density (solid black triangles). Correspond-
ing to marginally detections in the Rosolowsky et al sample,
the other 5 positions (Cores 54, 61, 71, 76, and 85) appear at
column densities of AV < 15mag with no clear compact detec-
tion in the molecular emission nor at the continuum. Similarly,
prominent detections are found at the position of all the N2H+
clumps identified by Walsh et al. (2007) using interferometric
BIMA+FCRAO observations at a resolution of 10 arcsec. Dilu-
tion and blending effects in our single-dish beam, as well as the
combination of extended emission and spatial filtering effects,
complicate a direct comparison with this last sample.
Beyond these dense cores, our molecular maps also reveal
large-scale emission in both N2H+ and NH3 tracers not de-
tected in previous surveys in NGC1333. Most of the peaks de-
tected in these molecular maps are connected by a prominent
and extended emission clearly detected down to AV ∼ 8mag.
The widespread emission of these N-bearing molecules indi-
cate the presence of extended depletion effects at cloud scales.
This global chemical evolution suggests the presence of large
amounts of dense gas within this region.
From the comparison of the emission properties of both
N2H+ (1–0) and NH3 (1,1) lines in a sample of 71 pre- and
protostellar dense cores in Perseus, Johnstone et al. (2010) con-
cluded that the formation and destruction of these two N-bearing
molecules are strongly coupled at high density regimes. This par-
allel evolution is already evident in the total gas content traced
by these molecules in NGC1333. In Figure 6 (upper panel), we
compare the line emission properties of our N2H+ (1–0) and NH3
(1,1) maps, both convolved to a common resolution of 60 arcsec
(red squares). In close agreement with the results of Johnstone et
al. (2010) (black symbols), the integrated intensities of these two
molecules present a tight and linear correlation along the entire
cloud (blue line) :
I [NH3(1, 1)] = 1.32 · I [N2H+(1 − 0)] + 0.39 (3)
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Fig. 6. (Upper panel) Pixel-to-pixel comparison between the N2H+ (1–
0) and NH3 (1,1) integrated emission within NGC1333, both convolved
to 60 arcsec. The blue line denotes the linear fit described by Eq. 3. The
results obtained in Perseus by Johnstone et al. (2010) for both prestellar
(solid triangles) and protostellar cores (open circles) are superposed in
black. (Lower subpanels) Histograms of the differences in velocity (left)
and non-thermal velocity dispersion (right) between N2H+ and NH3 for
all the positions fitted with a S/N ≥ 3. For positions with multiple lines,
only the comparison to the nearest component in velocity is displayed
(see Sect. 5 for a discussion about the gas kinematics).
Their similarities can also be extended to the kinematic proper-
ties of these two lines (lower subpanel). For the gas traced by
these two species, we find average differences within less than
1/5 of our spectral resolution comparing both their central ve-
locities (lower left) and non-thermal velocity dispersions (lower
right). Similarly to the results obtained in dense cores (e.g., Pa-
gani et al. 2009), the strong correlation between their observa-
tional properties demonstrates that these two molecular species
act as twin tracers of the dense gas content in NGC1333, at least
at the scales resolved by our single-dish observations.
The detection of emission of both N2H+ and NH3 tracers is
typically interpreted as function of their distinct critical densi-
ties. In this framework, the NH3 (1,1) emission is assumed to be
sensitive to the gas densities above ∼ 103 cm−3, while the N2H+
(1–0) line is meant to be excited only at densities & 105 cm−3.
Contraty to it, our observations show identical emission prop-
erties for these two tracers, in agreement with previous results
(Johnstone et al. 2010). These similarities indicate that the de-
tection of these two molecules is controlled by their formation
mechanism and chemically triggered by the CO freeze-out ocur-
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Fig. 7. (Upper panel) Gas kinetic (TK ; red squares) and dust effective
(Te f f ; black triangles) temperatures as a function of the projected ra-
dius to the nearest IRAS source within NGC1333. The plot combines
all positions with derived TK values in this work together with those
surveyed by Rosolowsky et al. (2008). The bars indicate the 1σ errors
of both gas and dust temperatures, respectively. The red open squares
indicate positions with TK > 20 K values (see text). The arrows indi-
cate positions with TK values listed as upper-limits by Rosolowsky et
al. (2008). (Lower panel) Measured ammonia linewidths (∆V) within
the same positions.
ring in the gas reaching densities & 5 × 104 cm−3 (see also
Sects. 4.2 and 4.3).
Our findings allow us to directly combine the information
independently provided by each of these tracers for the study of
NGC1333. In particular, we have used different measurements
of the NH3 lines to estimate the gas kinetic temperature of the
dense gas component of this cluster (Sect. 4.2). On the other
hand, the higher resolution and sensitivity of our N2H+ spectra
made them the best choice for the study of both the mass distri-
bution (Sect. 4.3) and gas kinematics (Sect. 5) within this region.
4.2. NH3 vs. Continuum: thermal gas-to-dust coupling
Taking advantage of their favourable observational and physical
properties, the analysis of the two fundamental ammonia (1,1)
and (2,2) inversion transitions is routinely employed as gas ther-
mometer (see Ho & Townes 1983, for a review). In addition to
the previous point-like surveys in NGC1333, we have investi-
gated the thermal properties of the dense gas content detected
within this proto-cluster. We have combined the results of all
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the NH3 (1,1) and (2,2) components fitted with S/N≥ 3 (see
Sect. 5) to, first, derive the ammonia rotational temperature and,
then, the gas kinetic temperature (TK) using standard techniques
(Bachiller et al. 1987; Tafalla et al. 2004).
Values of the gas kinetic temperature TK were obtained in
121 positions along the NGC 1333 clump. Typically limited
by the detection of the NH3 (2,2) lines, most of these mea-
surements are concentrated towards the high column density re-
gions that surround the IRAS 2, 3, 4, and 6 sources. Within
one beam, 19 of these detections coincide with the dense cores
surveyed in ammonia by Rosolowsky et al. (2008) using dedi-
cated GBT-observations. Despite the different sensitivities and
methods used in this last study, our TK estimates agree within
∼ 1 K with those obtained by Rosolowsky et al for TK < 20 K
and are assumed as the typical errors in our estimates. Those
TK > 20 K derived from our data are only considered as in-
dicative of warmer temperatures. Additional ammonia transi-
tions would be necessary to constrain these higher temperatures
(see Tafalla et al. 2004, for a discussion).
Similar to the effective dust temperatures (Sect. 3.3), we ob-
serve a monotonic increase of the ammonia derived gas kinetic
temperature TK in the proximity of the most prominent IRAS
objects. The influence of these strong heating sources is illus-
trated by the dependency of TK as a function of the distance D to
the nearest IRAS source in Figure 7 (upper panel). We measured
a temperature floor of ∼ 10-12 K for those dense regions far
from the active sites of star formation (D& 150 arcsec). In con-
trast, and at D . 50-100 arcsec, the strong radiation emerging
from these embedded sources efficiently heats up the gas above
TK > 15 K. These heating effects are translated into an increas-
ing line thermal broadening, clearly observed in our ammonia
linewidth measurements (lower panel). Second-order effects are
explained by the proximity to the warm edges of the optical re-
flection nebula.
Figure 7 (upper panel) also includes the effective dust tem-
perature Te f f measurements at the same positions of our ammo-
nia observations (black triangles). At large distances from the
IRAS heating sources, Te f f exhibits a roughly constant tempera-
ture of ∼ 12-13 K, typically ∼ 2 K higher than their correspond-
ing gas kinetic temperatures. Similar temperature differences
have been previously reported by Forbrich et al. (2015) com-
paring these two observables in a series of starless cores in the
Pipe Nebula. As discussed by these authors, the observed cor-
relation between these Te f f and TK values are likely explained
by the expected dust-gas thermal coupling at the densities traced
by ammonia (i.e., > 104 cm−3 Goldsmith 2001). In NGC1333,
this parallel evolution is altered at distances D < 100 arcsec form
the most prominent heating sources within this region and when
both gas and dust temperatures rise above & 15 K. This appar-
ent thermal decoupling could be produced by the independent
heating and cooling mechanism of these gas and dust compo-
nents and the increase of the UV irradiation in proximity of the
newborn YSO as observed in more massive regions (e.g., Bat-
tersby et al. 2014; Koumpia et al. 2015). Investigating the nature
of these mechanisms remains, however, unclear from our data.
Despite these local effects, the derived Herschel-Planck dust ef-
fective temperatures appear as a reliable proxy of the gas ki-
netic temperatures in the densest regions of the NGC1333 proto-
cluster.
4.3. N2H+ vs. Continuum: cold and dense gas
A careful inspection of Fig. 5 shows that the two N2H+ (1–0)
and NH3 (1,1) emission maps do not only present a parallel evo-
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Fig. 8. Comparison between the N2H+ (1–0) integrated intensity (i.e.,
I(N2H+)) and H2 column density (i.e., N(H2)) in NGC1333. The ver-
tical dotted line indicates the intensity threshold defining the first con-
tour of the emission map in Fig. 5. The linear fit describing Eq. 4 is
displayed by a blue solid line. Symbols are similar to those in Fig. 4.
RADEX radiative transfer calculations for N2H+ (1–0) emission at den-
sities n(H2) = [0.1, 0.5, 1.0, 5, 10] × 105 cm−3 are overploted using
black dashed lines (see text).
lution but also strong similarities with the continuum emission.
Indeed, the variations and maxima on the N2H+ integrated emis-
sion typically mimic the distribution of the total column den-
sity map at AV > 10mag. This correlation can be quantified in
a pixel-by-pixel comparison like the one shown in Fig. 8. To
produce this plot, we have compared the integrated N2H+ emis-
sion in our molecular spectra with the nearest position surveyed
by our Herschel-Planck continuum maps. The N2H+ integrated
emission linearly increases with the total column density of gas
traced in the continuum. From a linear fit of all the points in
this plot, we obtain an empirical relationship between these two
observables following:
N (H2)[cm−2] =
(
7.9 · I [N2H+] [K km s−1] + 8.2
)
× 1021 (4)
Deviations from this linear relation are found in the vicinity of
deeply embedded sources and the optical nebula (open squares)
likely due to the strong temperature gradients generated within
these regions (see Sect.4.2). With perhaps the exception of these
positions, Eq. 4 satisfactory reproduces the observed correlation
between the N2H+ emission and the total column density up to
values of N(H2) ∼ 150 × 1021 cm−2 with variations of less than
a factor of 2.
A linear and tight correlation is expected if the N2H+ emis-
sion remains optically thin and its abundance plus excitation
conditions do not change significantly within the range of col-
umn densities sampled by our single-dish observations (e.g.,
Johnstone et al. 2010). Tafalla & Hacar (2015) demonstrated
that, at the densities where the N2H+ (1–0) line is effectively
produced (i.e., n(H2) & 104 cm−3), the N2H+ conversion factor
presents a roughly constant value of N(N2H+)∼ 2×1012 I[N2H+].
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Combined with Eq. 4, this last relationship leads to a typical
abundance of X0=X(N2H+/H2) ∼ 2.5 × 10−10, in good agree-
ment with previous estimates in dense cores (Caselli et al. 2002;
Tafalla et al. 2002). We have tested these predictions using the
radiative transfer code RADEX (van der Tak et al. 2007) assum-
ing a constant kinetic temperature of TK = 10 K (Sect. 4.2),
homogeneous X0 abundance (see above), and a column density
threshold of 8.2× 1021 cm−2 similar to Eq. 4. According to these
models, the observed dependency between the N2H+ (1–0) line
intensities with the total gas column density in NGC1333 corre-
sponds to the expected variations for a gas at densities between
> 5 × 104 and ∼ 106 cm−3 (black dashed lines).
The empirical fit defined by Eq. 4 suggests a minimum col-
umn density value required for the formation of dense gas. This
threshold is estimated from the value of the abscissa obtained
in this linear correlation with a value of ∼ 8.2 × 1021 cm−2 (or
AV ∼ 9mag of visual extinction). As highlighted in Fig. 4 (red
squares), only 4% of the positions with detected N2H+ emis-
sion are found at lower column densities than this value. Above
this threshold, and excluding those positions likely affected by
the stellar feedback (open symbols), 80% of those dense regions
with N2H+ detections are found presenting dust effective tem-
peratures of Te f f <16 K, assumed as an upper limit of the true
gas kinetic temperature (see Sect. 4.2). According to these find-
ings, the dense gas traced by our N2H+ and NH3 observations is
not only found at the highest extinctions in the NGC1333 proto-
cluster, but also originates from its densest (i.e., n(H2) > 5× 104
cm−3) and coldest (TK . 15 K) gas component within this cloud.
4.4. Total mass and dense gas mass fraction
We have derived the total amount of dense gas within the
NGC1333 clump using (only) the slope of Eq. 4 defining the
conversion factor between the observed N2H+ intensities and the
equivalent N(H2) column densities. Adding the contribution of
all of the positions within the first contour of the maps presented
in Fig. 5, we obtained a total of ∼ 250 M of dense gas within
the area mapped by our IRAM 30m observations.
Due to the limited coverage of our N2H+ maps compared
to the total extension of the NGC1333 ridge, it is important
to quantify the completeness of this last measurement. As il-
lustrated in Fig. 4, the detection of dense gas is favoured to-
wards high column densities and low dust effective tempera-
tures. Within the area covered by our IRAM30m observations,
80% of the points with Te f f ≤ 16 K and AV ≥ 20mag are found
with I(N2H+) ≥ 1.2 K kms−1. The mass contained within our
molecular map boundaries represents ∼ 95% of the total mass at
similar dust effective temperatures and column densities along
this entire ridge (Sect.3). From these estimations, we expect our
molecular observations to recover most of dense gas content of
the entire NGC1333 region.
Similar to the total gas and stellar distributions (Sect.3.2), the
dense gas in NGC1333 proto-cluster is highly concentrated to-
wards its centre. This behaviour is evidenced in the mass surface
density of dense gas presented Fig.3 (upper panel; red dashed
line), directly calculated from our N2H+ integrated intensity
maps. In relative terms, the dense gas mass fraction also varies
as a function of the cluster radius. As shown in Fig. 3 (mid panel;
red dashed line), the dense gas accounts for & 40% of the total
mass at R . 0.3 pc compared to the total mass load (Stars+Gas;
blue line) within the same region. This fraction slowly decreases
below < 20% at R > 0.7 pc due to the lack of a significant pock-
ets of dense gas at larger radii. Although representing a relative
low fraction of the total mass load at large scales, these num-
bers demonstrate the dominant role of this dense gas component
within the central clump of NGC1333.
4.5. Direct correlation between protostars and dense gas:
evolutionary timescales and efficiencies
Several studies have attempted to connect different indicators
of star formation and the gas properties in molecular clouds. In
the case of Perseus, Hatchell et al. (2005) demonstrated that the
probability of finding a dense core rapidly increases with column
density. Independent results have pointed out that both protostel-
lar cores (Kirk et al. 2006; Enoch et al. 2006) and embedded
protostars (Jørgensen et al. 2007) are typically found in regions
with column densities AV > 5mag. More recently, Sadavoy et al.
(2014) associated the location of Class 0 objects to the high-
est column densities in these cloud. Our new observations allow
us to go one step further studying not only the correlation be-
tween these young objects and total gas column density but also
their connection to the position and distribution of dense gas in
NGC1333.
The position and location of the two North and South sub-
clusters in NGC1333 (see also Sect. 3) are easily identified
from the surface density of objects presented in Figure 9 (first
panel). These plots are obtained using a 2D gaussian kernel
density estimate (KDE), with a kernel full with half maximum
FWHM=220 arcsec, for all the clusters members identified by
Rebull (2015). From a study of the spatial distribution of the dif-
ferent stellar populations in NGC1333, Gutermuth et al. (2008)
concluded that this substructure is primarily determined by the
more evolved Class II/III objects within this region. On the con-
trary, the younger protostars appear to follow the filamentary
structure traced in previous continuum observations. These re-
sults are confirmed by different surface density estimates pre-
sented in Figure 9 (second and third panels) in comparison with
the dense gas emission traced in N2H+ (grey contours in these
plots). As discussed in Sect. 5.3, this primordial stellar structure
is likely imprinted by the initial distribution of the dense gas ar-
ranged forming a complex fiber network (last panel).
To quantify the correlation between dense gas and stars in
NGC1333, in Fig. 10 we present the cumulative distribution of
objects as a function of the N2H+ intensity. To construct this plot,
we considered only those objects inside the area surveyed by our
IRAM 30m observations assigning to each star the N2H+ inten-
sity value of the nearest pixel in our molecular maps. A visual
inspection of this figure reveals strong differences comparing the
distinct stellar classes inside this cloud. All Class 0 objects (or-
ange line) are found at positions containing high N2H+ intensi-
ties, with a minimum value corresponding approximately to the
second intensity contour in Fig. 5 (dashed line). This behaviour
is also followed by all the protostars (red), including both Class
0/I objects, with more than 70% of these objects located within
the same intensity levels. This trend systematically varies as a
function of the stellar classes, indicative of their ages. Only 40%
in the case of Flat sources and ∼ 25% of the Class II and III ob-
jects are found within these high intensity contours. These dif-
ferences are highlighted by comparing the distribution of stars
outside the first emission contour of our N2H+ maps (vertical
dotted line). While only ∼ 15% of the Class 0/I objects are lo-
cated in areas devoid of N2H+ emission, this number rises up to
∼ 60% in the case of Class II/III stars.
The results obtained in Fig. 9 suggest not only that the dif-
ferent population of stars are not equally distributed but also that
they present distinct degrees of correlation with respect to the
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Fig. 9. Spatial distribution and surface density of stars and gas within NGC1333 obtained using 2D KDEs with a FWHM = 220 arcsec. From left
to right: (1) All stars (solid squares); (2) Classes Flat, II, and III (solid triangles); (3) Classes 0/I (solid circles); (4) Dense cores (open squares); (5)
Fiber axis (red lines). Contour levels are equally spaced every 100 objects pc−2 in all submaps. For reference, the N2H+ emission (grey contours)
as well as the positions of the different IRAS sources (orange stars) are indicated in all subpanels.
dense gas in NGC1333. We have compared the observed cumu-
lative fraction of Class II/III objects with the statistical results
obtained after 1000 simulations where the same number of ob-
jects are distributed inside our IRAM30m N2H+ maps following
a random distribution in position with uniform probability. As
shown in Fig. 10 (grey contours), these random models repro-
duce the distribution of Class II/III objects in NGC1333. These
similarities indicate that most (if not all) of the Class II/III YSOs
found inside this region are not related to the dense gas currently
observed in this cloud. Instead, they suggest that the correlation
between some of these objects and regions with high N2H+ emis-
sion is likely caused by a chance superposition along the line-of-
sight.
Contrary to these more evolved YSOs, the Class 0/I proto-
stars do exhibit a strong correlation with the dense gas struc-
ture within this cloud. Using the same type of analysis, we have
run a new series of 1000 models for the distribution of a simi-
lar number of Class 0/I objects where, in this last case, we set
the probability of finding one of these objects to be proportional
to the second power of the N2H+ emission in our maps. As de-
noted by their comparison in Fig. 10, the distribution of proto-
stars closely follow the typical values found for these weighted
models (light blue contours). From both their spatial distribution
and their point-to-point correlations, we conclude that only the
youngest Class 0/I protostars are directly related to the dense gas
detected in N2H+.
The above results impose an upper limit for the evolutionary
timescales of dense gas in the NGC1333 proto-cluster. Particu-
larly, the direct match found between the position of the Class
0/I protostars and actual distribution of dense gas detected in
N2H+, in addition to the lack of a similar correspondence with
the more evolved Class Flat/II/III objects, indicates that this gas
component should evolve within a characteristic timescale com-
parable to the typical formation timescale of a Class I object,
that is, ∼ 0.5 Myr (Evans et al. 2009). With a free-fall time of
τ f f ∼ 0.11 Myr for n(H2) ∼ 105 cm−3 (Sect. 4.3), we then esti-
mate that a characteristic time of τdense & 5 × τ f f for the dense
gas within the NGC1333 proto-cluster. Although relatively large
compared to its free-fall time, the lifetime derived for the dense
gas evolution is shorter than the total lifetime of the NGC1333
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distribution of objects (grey) and a distribution where the probability
of finding an object is proportional to the second power of the N2H+
intensity (light blue) (see text). The two vertical lines define the N2H+
intensity of the first (dotted line) and second (dashed line) contours in
Fig.5, respectively.
cluster and, in particular, the first generation of stars formed in-
side this region, nowadays observed as evolved Class II/III ob-
jects (∼ 2 Myr or ∼ 20τ f f ). These results suggest a dynamical
scenario where similar dense gas structures have been continu-
ously generated and dispersed along the evolution of this cluster.
A fundamental parameter describing the evolution of young
stellar clusters is the fraction of gas mass converted into stars,
namely, the Star Formation Efficiency (SFE) (Lada & Lada
2003). We have defined the current SFE in dense gas as
SFE(dense) = MprotoMproto+Mdense , where Mproto and Mdense correspond
Article number, page 11 of 25
A&A proofs: manuscript no. NGC1333
Fig. 11. Line blending in the NH3 (1,1) (black; upper panel) and
N2H+ (1-0) (red; lower panel) spectra observed at the central position
(x,y)=(0,0) of our maps. We notice how the presence of 2 overlapping
velocity components is clearly resolved out in the N2H+ isolated com-
ponent (blue solid arrows) while it remains undistinguishable within the
main hyperfine doublet of the NH3 (1,1) line (blue dashed lines).
to the mass in protostars (i.e., Class 0/I) and the total mass de-
tected in N2H+, respectively. For a typical stellar mass of 0.5
M, so Mproto = Nproto × 0.5 M, we estimate current values of
SFE ∼ 10% for the dense gas within NGC1333 at densities of
∼ 105 cm−3. This SFE value remains constant and independent
of the position within the cluster (within the estimated errors
assuming Poisson statistics for the stellar counts), as indicated
by the calculations of this parameter at the different radial bins
presented in Fig. 3 (lower panel). This result is in apparent dis-
agreement with the increasing number of young protostars found
towards the cluster centre suggesting a higher SFE (green line;
upper panel). On the contrary, our observations demonstrate that
this effect is directly explained by a similar increasing amount of
dense material within the same regions (red line; upper and mid
panels) collapsing and forming stars with constant efficiency.
5. Dense gas kinematics: fibers in NGC1333
As demonstrated in previous sections, the origin of the cores
and protostars of NGC1333 is directly connected to the distribu-
tion and properties of its dense gas content. Investigating the dy-
namical state of this gaseous component is of paramount impor-
tance to the star formation mechanism within this proto-cluster.
The dense gas kinematics within the central R. 0.3 pc of the
NGC1333 cluster has been previously explored by Walsh et al.
(2007) in N2H+ (1-0) at resolutions of 10 arcsec. The velocity
information of the dense gas provided by these interferometric
observations is restricted to the surroundings of the most mas-
sive cores and IRAS sources (see Fig. 4 in Walsh et al. 2007).
With only a factor of three difference in terms of resolution, the
improved sensitivity and larger coverage of our millimeter line
observations permit us to investigate the global properties of the
dense gas velocity field within this region with unprecedented
detail.
The analysis in this section is carried out using the veloc-
ity information provided by our IRAM 30m N2H+ (1-0) spec-
tra. Tracing the same gas component as the NH3 (1,1) emission
(Sect. 4.1), these N2H+ observations are preferred due their bet-
ter sensitivity, coverage, and resolution. Our choice is also jus-
tified by the observational advantages of the N2H+ emission in
comparison to ammonia. First, the higher molecular weight of
this species (µ(N2H+) = 29 vs µ(NH3) =17 a.m.u.) translates into
intrinsically narrower thermal lines. More importantly, the anal-
ysis of superposed velocity components is hampered by the in-
trinsic NH3 (1,1) hyperfine line structure with 10 hyperfine lines,
all found in doublets at close frequencies. On the contrary, the
isolated location and optically thin emission of the (JF1F = 101-
012) hyperfine component of N2H+, with τ(101 − 012) < 0.9,
allows a more precise decomposition of its emission in velocity.
While both tracers produce similar results in regions with a sim-
ple kinematic structure, the favourable emission properties of the
N2H+ (1-0) spectra makes this line a more reliable tracer in the
case of complex spectra with multiple components. An example
of these advantages can be seen in Figure 11.
5.1. Line decomposition and analysis
In Fig. 12, we present a representative subset of the N2H+ (1-0)
spectra observed within the NGC1333 region (lateral subpanels
1-8). A direct inspection of the data reveals that approximately
∼ 3/4 of the observed positions with detected N2H+ emission
present a single-line, narrow line component (e.g., spectra 1, 6,
and 8). In the other ∼ 1/4 of our data, we find clear evidence of
line multiplicity, typically in the form of a double-peaked profile
(spectra 2-5). A similar behavior is observed in ammonia at those
positions where the individual velocity components are well sep-
arated in velocity. Although not considered for our analysis, a
single three-components spectrum is found coincident with the
positions of the IRAS 2 source (spectrum 7). Remarkably, no
significant differences are found in the observed linewidths of
these individual N2H+ components along the cloud.
The widespread presence of double peaked spectra in the sur-
roundings of the IRAS 2, 3, 4, and 6 sources has been reported
by Walsh et al. (2006) from the analysis of HCO+ (1-0) and (3-
2) lines. Walsh et al identified these complex HCO+ spectra as
asymmetric, self-absorbed profiles, generated by the relative mo-
tions between the dense gas and its infalling envelope. Sensitive
to a denser gas component than the optically thick HCO+ emis-
sion, the different velocity peaks detected in the isolated, op-
tically thin N2H+ hyperfine component actually correspond to
independent gas structures superposed along the line-of-sight.
This conclusion is reinforced by the global distribution, continu-
ity, and velocity coherence of these components at large scales
(see also Sec. 5.3). Hereafter, our analysis assumes a direct cor-
respondence between the individual dense gas structures within
NGC1333 and the velocity components traced in our N2H+ spec-
tra.
We have derived the kineamtic properties of each gas compo-
nent detected in our N2H+ (1-0) spectra from the analysis of their
individual hyperfine fits. The line decomposition method follows
the fitting strategy introduced by Hacar et al. (2013) adapted to
the improved resolution of our new IRAM 30m observations. In
short, the line fitting procedure is carried out after dividing the
cloud in subfields of 5×5 adjacent spectra, 75×75 arcsec2 each.
For each of these groups, we obtain an average spectrum consid-
ering only those spectra with at least one emission channel with
S/N ≥ 0.45 K (or 3σ(average) the average noise in our spectra)
within the velocity range of the cloud. The fitting results of this
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Fig. 12. Dense gas kinematics in the NGC1333 proto-cluster traced by our IRAM 30m N2H+ observations. (Central panel) N2H+ integrated
emission. The red squares enclose those subregions fitted with two independent components (see text), typically found surrounding the most
prominent emission clumps detected in this molecule. (Lateral subpanels) Representative N2H+ (JF1F = 101-012) spectra (isolated component)
within selected regions (spectra 1-8). The position of the spectra are indicated in the upper-left corner of each subpanel. We note the presence
of two clearly separated components detected in N2H+ in spectra 2-5. Although still fitted with two components, a third line superposition is
suggested by the shape of the line profile in spectrum 7.
local template (i.e., number of components, intensities, widths,
and central velocities) are then used as initial guess values for
the automatic fit of the spectra within the subgroup satisfying the
above criteria. To ensure the quality of our analysis, only those
spectra fitted with peak temperatures with S/N ≥ 3σ(spectrum)
are considered for their analysis (see Hacar et al. (2013) for a
detailed discussion of the fitting method). A similar procedure
is applied in the fit of our NH3 (1,1) and (2,2) observations, as
well as our N2H+ data convolved to 60 arcsec (see Sect. 4.1),
this time in subgroups 5×5 spectra within a representative area
of 150×150 arcsec2.
Among the total 5525 positions surveyed in N2H+ (1-0), we
successfully obtain 2719 individual fits (∼ 85% in single peaked
spectra, 15% in double peaked), 1888 (∼ 70%) of which have
S/N ≥ 3. As indicated in Fig. 12 (central panel), the detection
of double peaked spectra is more common towards those regions
with higher integrated N2H+ emission, like IRAS 3 or IRAS 4.
Similarly, a total of 476, 140, and 595 high S/N components are
recovered in the ∼ 1000 spectra our NH3 (1,1), NH3 (2,2) (us-
ing gaussian fits), and N2H+ (1-0) maps with a resolution of 60
arcsec. For each of the above components, our fits provide infor-
mation about the line Full With Half Maximum (FWHM, ∆V),
the line centroid (Vlsr), and the peak line intensities (Tmb), either
provided by direct measurements, in the case of the gaussian fits
of the NH3 (2,2) spectra, or determined in combination with the
opacities (τ) in the case of the N2H+ (1-0) and NH3 (1,1) hyper-
fine fits.
5.2. Gas velocity field: general properties
We have investigated the main properties of the dense gas kine-
matics in the NGC1333 proto-cluster from the statistical anal-
ysis of the derived ∆V and Vlsr values in our N2H+ lines. The
independent study of these two observables allows us to in-
fer the global characteristics of the gas motions both along the
line-of-sight and across the cloud, respectively. Following stan-
dard practice, we have compared the magnitud of these mo-
tions with the expected (1D) H2 sound speed cs (i.e., σTh(H2) =
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kBTK/µ(H2) ). For simplicity, all the gas traced in N2H+ is as-
sumed to present an uniform TK = 10 K, leading to a constant
sound speed of cs=σTh(H2) = 0.19 km s−1 for an H2 molec-
ular gas in a mixture of 10% He with a mean molecular mass
of µ(H2) = 2.33. With TK varying between 10-20 K within our
maps (Sect. 4.2), this cs value is assumed to define a lower limit
of the actual sound speed for the dense gas traced in N2H+.
To characterize the dense gas velocity field in NGC1333, we
have derived the magnitude of the non-thermal motions along
the line-of-sight at each of the positions with significant N2H+
emission. Its dispersion (σNT ) is directly obtained from the ob-
servable ∆V after the subtraction of the thermal velocity disper-
sion of the gas (σTh) in quadrature:
σNT =

 ∆V√
8log 2
2 − kBTKµ(N2H+)

1/2
, (5)
where σTh =
√
kBTK/µ(N2H+) = 0.053 km s−1 is the N2H+
thermal broadening at TK = 10 K.
On average, the gas traced by this molecule presents an
average value of 〈σNT /cs〉 = 1.1 ± 0.6 with 1746 compo-
nents (92.5%) detected in N2H+ with S/N ≥ 3σ presenting ei-
ther subsonic (53.8%; i.e., σNT ≤ cs) or transonic (38.7%; i.e.,
cs < σNT ≤ 2 cs) velocity dispersions. Conversely, only 7.5%
of the N2H+ components exhibit supersonic non-thermal disper-
sions (σNT > 2 cs). Most of the above transonic and supersonic
components are, however, found in regions with higher gas tem-
peratures in the surroundings of sources like IRAS 3 or IRAS 2
(Sect. 4.2). Their fractional contributions are therefore consid-
ered as upper limits for the actual dense gas velocity dispersion.
The above narrow, sonic-like velocity dispersions contrasts
with the supersonic Vlsr variations in NGC1333, with a maxi-
mum velocity difference of max(Vlsr)-min(Vlsr) = 2.6 km s−1 (or
>10 cs). This property can be directly deduced from the presence
of well-defined superposed components observed in our spectra
(e.g., Fig. 12). We have quantified these gas velocity differences
from the dispersion of the observed Vlsr resulting into values of
〈σVlsr/cs〉=2.6. With {σNT , σVlsr} = {1.1, 2.6}× cs, our results
indicate that the largest velocity differences inside the NGC1333
proto-cluster are generated by the relative motions between in-
dividual gas components at large scales (aka macroscopic mo-
tions) rather than their local dispersions (i.e., microscopic mo-
tions) (see Hacar et al. 2016b, for a discussion).
5.3. Quiescent fibers in NGC1333
In addition to the small variations found in the gas velocity
dispersion, the analysis of the line velocity centroids reveals a
high degree of kinematic organization within NGC1333. Fig-
ure 13a shows the spatial distribution of the line centroids in
the 3D Position-Position-Velocity (PPV) space. Different groups
of points are easily recognized by a characteristic spatial and
velocity continuity in scales on the order of 0.3-0.5 pc. Sev-
eral of these structures seem to converge towards the centre of
this cluster coincident with those positions with observed spec-
tra with multiple components. A similar kinematic complexity
and spectral multiplicity has been previously identified with the
line-of-sight superposition of structures in the so-called bundles
of fibers, first observed in the B213-L1495 filament in Taurus
(Hacar et al. 2013). Our new observations indicate that the pres-
ence of intricate fiber networks might not be restricted to isolated
filaments, but could also explain the internal gas substructure of
more complex regions like NGC1333.
We have investigated the internal gas structure within
NGC1333 using an improved version of the Friends-In-VElocity
(FIVE; version v.1.1) analysis technique (Hacar et al. 2013). In
a nutshell, FIVE is specifically designed to identify and recon-
struct continuous, velocity-coherent structures from the progres-
sive association of different gas components in the PPV space.
A full description of this algorithm and its performance is de-
scribed in Hacar et al. (2013). Compared to the original selec-
tion proposed for this algorithm based on a S/N cut (v.1.0), the
improved version (v.1.1) uses an absolute peak intensity thresh-
old (I0) for the first selection of points defining the spine of
the velocity coherent structures (see steps 1 & 2 in Hacar et
al. (2013)). This change replaces the previous sensitivity de-
pendent criterion by a physically motivated selection thresh-
old, allowing direct comparisons with additional datasets. The
rest of the algorithm remains unaltered. For the analysis pre-
sented in this work, we have adopted values of I0= 0.5 K,
L f riends = 60 arcsec (or 2 beams), and ∇Vlsr = 4 km s−1 pc−1
(see a full description of each of these parameters in Hacar et
al. 2013). The selected algorithm parameters guarantee that the
maximum velocity difference between points connected at a dis-
tance L f riends is smaller than the mean observed 〈∆V(N2H+)〉,
that is, L f riends × ∇Vlsr < 0.49 km s−1. Also, it allows a di-
rect comparison with the previous results obtained by Hacar
et al. (2013) in Taurus using similar linking properties, that is
(L f riends × ∇Vlsr)|B213 ' (L f riends × ∇Vlsr)|NGC1333, in both B213-
L1495 and NGC1333 analysis.
Using the above FIVE parameters, we recover a total of 14
independent velocity-coherent structures in NGC1333. Each of
these structures is identified in the PPV space diagram presented
in Fig. 13b 5. Their spatial distribution in the Position-Position
space (aka plane-of-the-sky) is also shown in Fig. 13c super-
posed to the Herschel column density maps obtained by Zari et
al. (2016). Among the 1888 components with S/N ≥ 3 analysed
in this cloud (black squares), 1555 of them (∼ 83%) are associ-
ated to velocity-coherent structures (coloured points). Two ad-
ditional velocity-coherent structures can be recognized in the
vicinity of IRAS 3 and IRAS 2 protostars (see black dots in
our PPV plot), but their identification is hampered by the lower
number of points defining their axis and the larger local veloc-
ity gradients (steps 1 and 2 of FIVE). Additional tests includ-
ing larger velocity gradients (i.e., ∇Vlsr =5-6 km s−1 pc−1) allow
us to recover a larger fraction of points (> 90%), including the
above two additional structures. As a drawback, the use of these
gradients also produces the artificial merging of clearly sepa-
rated structures in complex environments, like the surroundings
of IRAS 3 and IRAS 6 sources (e.g., velocity-coherent struc-
tures 7 and 9). In contrast, lower ∇Vlsr values tend to artificially
fragment several of the well behaved substructures with contin-
uous but larger internal gradients (e.g., structure 3). Although
the final identification and association of these velocity-coherent
structures depend on the fine tuning of the algorithm parameters,
most of their mean properties remain unaltered for ∇Vlsr values
between ∼ 3-6 km s−1 pc−1.
The main physical properties of the 14 velocity-coherent
structures identified within NGC1333 are summarized in Ta-
ble 1. These parameters are derived following the methods and
analysis introduced by Hacar et al. (2013). Although not required
by FIVE, we notice that most of the structures recovered there
5 For visualization purposes, an animation show-
ing an artistic rendering of the NGC1333 fibers in
the PPV space can be found at the following link:
http://home.strw.leidenuniv.nl/∼hacar/NGC1333_PPV_movie.gif
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Fig. 13. Identification of velocity-coherent structures (aka fibers) within NGC1333 in both Position-Position-Velocity (PPV) space (a and b
subpanels) and Position-Position (PP) space (c subpanel). The original data points are indicated by black dots. Their projection in the corresponding
sub-space (either PP or PV) is indicated in grey in subpanels a and b. The corresponding structures identified by FIVE is colour coded in subpanels
b and c. The main axis of each of the 14 structures found in NGC1333 is represented by solid thick lines in panel c superposed to Herschel-Planck
total column density map of Zari et al. (2016) (grey scale; contours equally spaced every AV = 5mag). We notice that the orientation of the PPV
diagrams (a and b subpanels) is rotated 90 deg respect to the PP maps (c subpanel).
present elongated and filamentary shapes. We have defined the
main axis of each velocity-coherent structure using the 2-steps
approximation introduced in the Appendix B of Hacar et al.
(2013) (see also Fig. 13c). For each of the structures recovered
by FIVE (column 1), Table 1 includes values for their central po-
sition (x0, y0) (cols. 2 & 3), length along its main axis (L; col. 4),
maximum radius (Rmax; col. 5), and aspect ratio (AR = L/Rmax;
col. 6). In each case, the total mass (M; col. 7) is derived from
the total N2H+ integrated emission converted into a total col-
umn density using Eq. 4. From it, the mass-per-unit-length (mlin;
col. 8) is simply calculated from the ratio M/L. This mlin is also
compared to the corresponding critical mass mcrit =
2σ2e f f
G (col.
9), including both thermal (cs) and non-thermal motions (σNT )
with σ2e f f = c
2
s + σ
2
NT (see Sect. 5.4). Describing their inter-
nal kinematics, we obtain their mean gas velocity (〈Vlsr〉; col.
10) and line centroid dispersion (〈σVlsr/cs〉; col. 11), as well
as their mean non-thermal velocity dispersion along the line-of-
sight (〈σNT 〉; col. 12), the last two in units of the sound speed
cs. Additionally, we report values for both their mean velocity
gradient (
〈
∇Vlsr |global
〉
; col. 13), calculated from the global lin-
ear fit of the gas velocities along the entire fiber, as well as their
mean local gradient (〈∇Vlsr |local〉; col. 14) estimated in intervals
of 0.05 pc (see Hacar et al. 2013, for details). Table 1 also in-
cludes the number of cores embedded in each velocity-coherent
structure (col. 15) identified in Sect. 5.5. Mean values of each of
the above properties are indicated in the last row of this table.
The physical characteristics of the 14 structures identified
in the NGC1333 proto-cluster resemble the physical properties
defining the so-called velocity-coherent fibers previously identi-
fied in Taurus by Hacar & Tafalla (2011) and Hacar et al. (2013).
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Fig. 14. Comparison of the fiber properties in NGC1333 (red solid histograms; upper panel) and B213-L1495 (blue solid histograms, lower panel;
Hacar et al. 2013). The main properties of the subgroup of fertile fibers found in B213-L1495 are highlighted in red in the lower panel. From left
to right: (a) total fiber length; (b) internal non-thermal motions (in units of the sound speed cs); and (c) mass-per-unit-length.
An aspect ratio (AR) of ∼ 5 indicates that the structures are fila-
mentary. In addition, the gas presents transonic internal motions,
both 〈σNT 〉 and 〈σVlsr/cs〉 of the order of the sound speed cs,
along their average total length of L∼ 0.4 pc. Moreover, their in-
ternal velocity field is characterized by smooth internal velocity
gradients with both 〈∇Vlsr |local〉 and
〈
∇Vlsr |global
〉
on the order of
∼ 1-2 km s−1 pc−1. As highlighted in the different histograms
presented in Figs. 14a and 14b, the values derived for the differ-
ent velocity-coherent structures in NGC1333 (red histograms,
upper panels) are in close agreement with the range of values
defining the fiber properties in B213-L1495 (Hacar et al. 2013)
(blue histograms, lower panels). Similar results can be found
from the comparisons of their typical gradients and internal mo-
tions (not shown here). Based on their analogue kinematic and
morphological properties, we identify the above 14 structures as
velocity-coherent fibers.
Figure 13c shows the direct correlation of the detected fibers
in NGC1333 with mass distribution traced in the previous Her-
schel maps. Despite being independently obtained from our anal-
ysis of the N2H+ kinematics, we find an excellent agreement be-
tween the fiber axis defined by FIVE (colored segments) and the
crest and high column density features detected in the dust con-
tinuum maps (contours in the background image). In absolute
term, the total mass in fibers corresponds to ∼ 75% of the total
mass of dense gas detected in our maps (Sect. 4.4). Our results
demonstrate that most of the apparent kinematic and structural
complexity of this young proto-cluster is actually originated by
its underlying network of sonic-like fibers.
5.4. Non-thermal motions and stability of massive fibers
While sharing the same average kinematic properties, the mass-
per-unit-length (mlin) of the NGC1333 fibers extends towards
the high-mass end range of masses reported in the case of Tau-
rus. This difference can be easily appreciated in the Filament
Linear Mass Function (FLMF) of these two regions shown in
Fig. 14c. Based on the N2H+ detection of dense cores within the
Taurus fibers, Hacar et al. (2013) and Tafalla & Hacar (2015)
have distinguished between two distinct fiber families: those
with embedded N2H+ dense cores are referred to as fertile while
those devoid of them and without significant detection of dense
gas are classified as sterile. Statistically speaking, fertile fibers
have mlin & 15 M pc−1. On the contrary, typical values of
mlin . 15 M pc−1 are found for their sterile counterparts. In
comparison, all the NGC1333 fibers exhibit a high degree of
fragmentation with multiple embedded cores per fiber (see also
Sect. 5.5) with mlin values ranging between ∼ 12-90 M pc−1.
Their similarities with the more massive Taurus fibers with em-
bedded cores suggest that the 14 fibers found in NGC1333 cor-
respond to the more active and star-forming, fertile type (see red
open histograms in the lower panel).
The above observational selection effect can be explained by
the use of N2H+ as line tracer for the study of the gas kinematics
in NGC1333. In the case of B213, ∼ 1/4 of the fibers are identi-
fied as fertile, while the other ∼ 3/4 are considered to be sterile.
This ratio is consistent with the reported FLMF in this cloud,
approximately with ∆N/∆mlin ∝ ∆m−0.3lin , for the mass range be-
tween mlin = [10-30] M pc−1 and a effective mass threshold
of ∼ 20 M pc−1. Following the same distribution, a total of
∼ 50 sterile fibers would be expected along the entire NGC 1333
ridge. Confirming this hyphotesis would require a detailed anal-
ysis of tracer at lower densities (e.g., C18O). Nevertheless, sev-
eral additional filamentary structures can be already recognized
in the column density maps detected by Herschel (e.g., see posi-
tion (x,y)=(-200,800) Fig. ??).
The stability of filamentary structures is commonly evalu-
ated from the comparison of their observed mass per-unit-length
mlin with the expected critical mass of an infinite filament in hy-
drostatic equilibrium, mcrit(σe f f ) =
2σ2e f f
G (Stodólkiewicz 1963;
Ostriker 1964). In an extended practice, σe f f is assumed as the
isothermal sound speed cs(TK) (see Sect. 5.2) leading to a val-
ues of mcrit(σe f f = cs) = 16.6 M pc−1 at TK= 10 K. In the
framework of this hydrostatic filament, subcritical filaments (i.e.,
mlin ≤ mcrit) are stabilized by their own internal pressure while
supercritical filaments (i.e., mlin > mcrit) are expected to collapse
into a spindle under their own weight in timescales comparable
to their free-fall time τ f f (Inutsuka & Miyama 1997). Under this
premise, an apparent contradiction arises on the interpretation
of our results in NGC1333. How can the above 14 fertile fibers
identified within this region, most of them mlin > 16.6 M pc−1,
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Fig. 15. Correlation between non-thermal motions (σNT ) and the mass-
per-unit-length (mlin) in the NGC1333 fibers (red squares). The blue
dashed line denotes the critical mlin for a filament in hydrostatic equi-
librium, mcrit(σe f f ) =
2σ2e f f
G , with σ
2
e f f = c
2
s + σ
2
NT , separating the sub-
critical (i.e., mlin ≤ mcrit and supercritical regimes (i.e., mlin > mcrit).
The vertical error bars correspond to the 1σ variations for the observed
σNT in each fiber.
survive during timescales comparable to τdense ∼ 5 τ f f (see
Sect. 4.5)?
An additional contribution to the filament support is provided
by the non-thermal motionsσNT . In the case of isotropic motions
(i.e., microscopic turbulence), their contribution acts as internal
pressure source increasing the effective σ2e f f = c
2
s + σ
2
NT and,
therefore, their critical hydrostatic mass mcrit. Filaments with
linear masses mlin > 16.6 M pc−1 are not necessary unstable
unless mlin is larger than the corresponding mcrit(σe f f ).
In Fig. 15, we explore the correlation between the observed
mlin and σNT values in the 14 fibers identified in NGC1333 (red
squares). For all these objects, we find a monotonic increase of
the internal non-thermal motions with mlin. Superposed to our
observational data, the blue dashed line indicates the value of
mcrit as a function of σNT , assuming a thermal contribution equal
to cs. At a given σNT value, this line separates the two sub- and
supercritical regimes. The close correspondence between the de-
rived mcrit values with the observed mlin measurements (see also
col. 9 in Table 1) suggests that, despite their large mlin, the ob-
served fibers in NGC1333 remain close to equilibrium.
A similar correlation between mlin and σNT has been pro-
posed by Arzoumanian et al. (2013) from the analysis of fila-
ments in both local clouds like Aquila, Polaris, or IC 5146, and
massive filaments like the DR21 ridge. The increase of the inter-
nal velocity dispersion in supercritical filaments is interpreted
by these authors as the result of the contraction and/or infall
within these objects. The confirmed presence of multiple line
components and superposed structures in several of these fila-
ments not resolved by Arzoumanian et al (e.g., Fernández-López
et al. (2014)), complicates the comparison with the individual
and velocity-coherent fibers in this work. Still, the observed cor-
relation between the fiber line masses and their observed non-
thermal motions indicates a likely connection with the accre-
tion process in these objects. Independently of its origin, the
observed increase of the internal motions with mlin provide ad-
ditional support against gravity, explaining the long lifetimes of
the NGC1333 fibers.
5.5. Fiber fragmentation and the origin of cores in NGC1333
In addition to their quiescent kinematics, we notice that each of
the observed fibers presents a high degree of fragmentation in
the form of multiple condensations along the main axis. In cases
like those well isolated fibers 1 or 12, this behaviour is already
observed in the Herschel continuum maps (e.g., see Fig. 13c).
However, the identification of these condensations is limited in
compact and crowded regions presenting line-of-sight superpo-
sitions.
We have investigated the internal fragmentation within the
NGC1333 fibers using the reconstructed emission of these ob-
jects provided by our FIVE analysis. For each of the 14 fibers re-
covered, we have manually looked for local maxima in their (re-
covered) total N2H+ emission maps. We identified as individual
fragments all these local maxima with at least a 30 % increase in
emission with respect to the immediate surroundings, assumed
as the mean intensity I0 at a distance of 60 arcsec of these peaks,
as expected for a centrally condensed, collapsing core entering
in the non-linear regime (Inutsuka & Miyama 1997; Heigl et al.
2016). When found, the characteristics of these local overden-
sities (central position, FWHM, mass, ...) are extracted using a
2D gaussian fit of the total integrated emission at these positions
after subtracting an emission floor given by I0. To complete our
census, we also carry out this extraction process in those regions
with detected N2H+ emission not associated to fibers. This sim-
ple approach allows us to easily resolve the gas emission in those
regions with multiple velocity components, otherwise blended in
the continuum maps. Different tests prove the robustness of this
method in identifying the central position and peak intensity of
the local maxima in our reconstructed N2H+ maps. Neverthe-
less, we notice a dependency of other fitting parameters (e.g.,
FWHM, total integrated intensity...) on the background subtrac-
tion and the fitting area. The use and interpretation of these last
results should be taken with caution.
Using the above reconstruction technique, we identify a to-
tal population of 50 fragments detected in our N2H+ maps in
NGC1333. Their main characteristics are listed in Table 5.5, in-
cluding their position, intensity, mean FWHM, kinematic prop-
erties, and mass (cols. 3-10). Their positions are also indicated in
Fig. 16. The 35 most prominent fragments correspond to those
core positions identified in NH3 by Rosolowsky et al. (2008)
(col. 9) with N2H+ counterparts within a radius of ≤ 50 arcsec
and a velocity difference of ≤ 0.2 km s−1. Five of these cores
are separated in two individual fragments in our sample, corre-
sponding to those positions presenting a clear line multiplicity in
NH3 (e.g., core 80 in Rosolowski’s catalogue). In addition, our
analysis in velocity reveals another 11 fragments only detected
in N2H+, hereafter referred to as core candidates.
The stable and quiescent properties of the pre-existing fibers
detected in NGC1333 (see Sect. 5.4) seems to favour the con-
ditions for their individual fragmentation. Among those cores
identified in our observations, 45 of them (90 %) belong to points
associated to fibers, while only 5 (10 %) are found in isolation
or associated to points not recovered by FIVE in such structures
(see col. 2 in Table 5.5). Among them, we obtain an average
number of 3-4 cores per fiber, with 12 out of the 14 (86%) of
these objects harbouring at least 2 or more cores.
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Fig. 16. Core candidates identified in N2H+ in NGC1333 (labels 1-50; see Table 5.5). The position of the 44 cores associated to fibers are indicated
by open circles and are color-coded similar to Fig. 13c. For reference, the fiber numbers are labeled using a larger font. In addition, the 6 cores
found in isolation are marked by white squares. Those cores with masses M ≥ 2.5 M are highlighted with solid symbols.
Statistically speaking, we observe a strong correlation be-
tween the properties of the cores and their parental fibers (see
Fig. 17). We find a linear relationship between the mass per-unit-
length of the fibers (mlin) and the number of embedded cores in
these objects (upper panel). Also, we observe a direct correlation
between this same mlin and the average mass of the cores formed
per fiber (lower panel).
In addition to these correlations, the regular core spacing
found in several fertile fibers (e.g., fibers 1 or 12) suggests that
gravity is the main driver of their fragmentation. For cores be-
longing to the same fiber, we find an average core spacing of
0.08 pc, with values ranging between 0.05 and 0.20 pc (see Ta-
ble 1, last column). These results are consistent with the ex-
pected critical fragmentation scale for a filament in hydrostatic
equilibrium λcrit = 3.94
√
2c2s
piGn(H2)
(Stodólkiewicz 1963) with
λcrit ∼ 0.1 pc for densities n(H2)= 5 × 105 cm−3.
Originally proposed to explain the origin of cores in low-
mass clouds (Hacar & Tafalla 2011; Tafalla & Hacar 2015), a
core formation mechanism via gravitational fragmentation of
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Fig. 17. Fragmentation properties of the NGC1333 fibers (red solid
points): Number of fragments (upper panel) and average core mass
(lower panel) as a function of the fiber mass-per-unit-length (mlin). The
results of the linear fit of the data (blue dashed line), as well as their
Pearson correlation coefficient (r) and the probability of the two distri-
butions to be drawn from a random sample (p-value), are indicated in
the lower right corner of each plot.
individual fibers might also be extended to the formation of
cores in more massive and clustered environments. This fiber-
fragmentation scenario differs from the classical hierarchical
Jeans fragmentation by acting only in the individual fibers and
not at cloud scales6. The gravitational fragmentation process of
the NGC1333 fibers appears to be controlled by the global prop-
erties of their parental fibers (Tafalla & Hacar 2015), where the
most massive fertile fibers efficiently form more massive cores
and in higher numbers.
Due to their origin, the spatial distribution of cores and
young protostars are directly related to the spatial distribution
of fibers in NGC1333. We have investigated this property from
the surface density of cores and its comparison with the position
of fibers. As demonstrated in Fig. 9e, the highest concentrations
of cores (black contours) are found towards those regions with
a higher number of fibers (red segments). Additionally, the po-
sition of the cores and fibers also coincides with the distribution
of the youngest Class 0/I objects (black contours). In the light of
the above, we conclude that the internal mass distribution of the
NGC1333 proto-cluster is primarily determined by the position
and orientation of its fiber substructure.
6 Estimations of the fragmentation scale based on the average distances
between cores/stars without considering their association to their har-
bouring fibers are, therefore, meaningless in this fiber framework.
6. Discussion
6.1. Clusters as complex fiber networks
Our analysis of the internal gas kinematics traced in N2H+
in Sect. 5 shows how the dense gas within NGC1333 is
highly structured forming an intricate network of 14 quiescent
fibers. These objects are characterized by an internal velocity-
coherence and have (trans-)sonic internal motions at scales of
L f ib ∼ 0.4 pc. In Sect. 5.3, we demonstrated that the frag-
mentation and collapse of these pre-existing structures control
the current formation of stars in this proto-cluster. Indepen-
dent results suggest a similar level of substructure in most of
the intermediate-mass proto-clusters in the solar neighbourhood.
Motte et al. (1998) have identified several series of filamen-
tary and elongated chains of cores within the ρ Oph cluster at
scale of L f ib ∼ 0.2 pc at the continuum. When observed with
dense gas tracers like N2H+, these chains of cores appear to
be connected in velocity showing (tran-)sonic velocity disper-
sions (Di Francesco et al. 2004; André et al. 2007). Twisting
filamentary structures at scales of L f ib ∼ 0.5 pc have been also
reported within the Serpens South proto-cluster by Kirk et al.
(2013), coincident with regions showing complex N2H+ spec-
tra detected in different single-dish data (Tanaka et al. 2013) .
Using CARMA interferometric observations, Fernández-López
et al. (2014) have identified these small-scale filaments as fiber-
like structures based on their velocity continuity and internal mo-
tions. Similarly, nearby clusters are typically found at the centre
of filamentary hubs (Myers 2009) forming complex networks of
sub-filaments (aka fibers) in regions like B59 (Román-Zúñiga et
al. 2009), L1517 (Hacar & Tafalla 2011), L1495 (Hacar et al.
2013), and Serpens Main (Lee et al. 2014; Roccatagliata et al.
2015).
While some local differences are expected in more com-
pact environments, increasing evidence suggest that this com-
plex gas organization could also be extended to more massive
regimes. The NGC1333 fibers resemble the so-called molecu-
lar fingers detected in the OMC-1 region (Martin-Pintado et al.
1990; Rodriguez-Franco et al. 1992). Despite being embedded
within the Orion Nebula Cluster, these molecular fingers exhibit
a surprising level of coherence characterized by their low inter-
nal motions at scales of L f ib ∼ 0.2-0.3 pc (Wiseman & Ho 1998).
In addition, recent high angular resolution interferometric ob-
servations have indicated the presence of filamentary networks
within several Infrared Dark Clouds and massive star-forming
clumps (Peretto et al. 2013; Zhang et al. 2015; Henshaw et al.
2016). The inhomogeneous analysis and distinct nature of these
data prevent a direct inter-comparison of these fiber-like struc-
tures. Nevertheless, and based in the strong similarities with
the results presented in this work, the presence of similar fiber
networks appear to explain the internal structure of high-mass
proto-clusters.
6.2. Clustered vs. Isolated star formation
In Sect. 5.3, we demonstrated how the NGC1333 fibers present
roughly similar sizes and kinematic properties to those previ-
ously identified in regions like B213-L1495 in Taurus. As dis-
cussed in Sect. 5.4, the larger linear masses of the NGC1333
fibers are attributed to the choice of N2H+ as gas tracer leading
to an observational bias towards objects presenting higher den-
sities. Despite these selection effects, the range of masses and
characteristics of the NGC1333 fibers coincide with those re-
ported for the sub-group of star-forming, fertile fibers in B213-
Article number, page 20 of 25
A. Hacar et al.: Fibers in the NGC1333 proto-cluster
L1495 (see Fig. 14c). The strong similarities between the two
regions contrasts with the remarkably diverging star-formation
activities in these two clouds. NGC1333 has formed a total of
N(proto)= 45 protostars in the last Myr within a compact area of
. 1 pc2, while B213-L1495 was (only) able to form N(proto)∼19
young stellar objects along > 10 pc2 within the same period of
time. This difference rises a fundamental question for our de-
scription of the star formation process in both isolated (e.g., Tau-
rus) and clustered (e.g., Perseus) star-forming regions: if both
types of clouds are formed by the same type of fibers, how is the
star formation process in the NGC1333 proto-cluster enhanced
in comparison to the B213-L1495 cloud?
In Table 6.2, we summarize the main physical characteris-
tics of both B213-L1495 and NGC1333 regions (cols. 1 & 2).
As deduced from their absolute ratios (col. 3), neither their to-
tal mass nor their total number of fibers (i.e., N(fibers)) explain
the current star formation activities of these two regions. Sim-
ilarly, the differences between the clouds cannot be solely at-
tributed to a more effective fragmentation (i.e., N(cores/fertile
fiber)) nor a higher gas efficiency (i.e., SFE(dense)). Rather, we
find an excellent agreement between the relative numbers of pro-
tostars N(proto) and cores N(cores) with the number fertile fibers
N(fertile fibers) in these two regions, with differences of < 30 %.
These values translate into similar ratios for their correspond-
ing surface densities (aka, Σ(protostars) vs. Σ(cores) vs Σ(fertile
fibers)). Based on this comparison, we conclude that the higher
surface density of protostars and cores in NGC1333 results from
a higher surface density of fertile fibers in this clustered region
respect to the isolated B213-L1495 cloud.
Our direct comparison of the results in Taurus and Perseus
suggests that the differences between the classically distin-
guished isolated and clustered star formation scenarios might be
explained from the selection and spatial density of fertile fibers.
If the main properties of these last objects remain independent
of the environment, the number of fertile fibers and their surface
density should linearly increase with the number and density of
protostars in a star-forming region, with Σ (proto) ∝ Σ (fertile
fibers), in agreement to our results in NGC1333. If confirmed,
the formation of stars in clusters would then naturally arise as
an scaled-up version of those formed in isolated star forming
clouds. Observations in regions of increasing mass, complexity,
and stellar activity (e.g., Orion) are needed to confirm this hy-
pothesis (Hacar et al in prep.).
6.3. Fiber-to-fiber collisions and the origin of massive cores
Despite all the caveats in our mass estimates, an apparent cor-
relation seems to emerge between the internal distribution of
fibers and the position of the most massive cores and stars in
NGC1333. Highlighted by solid symbols in Fig. 16, the four
most massive cores in this cloud, namely, cores 20, 27, 31, and
39, all with M > 2.5 M, are found at junction of multiple fertile
fibers and coincident with the positions of the IRAS 2, 3, and 4
sources. Less clear, although still appealing, the location of the
two B-type BD+30o549 and IRAS 8 stars seems to correspond
to the centre of a fan-like arrangement of fibers. Given these re-
sults, could the interaction between fibers be responsible of the
formation of massive cores and stars?
If the spatial density of fibers increases in more crowded and
clustered environment, the size L f ib and radius R f ib of these ob-
jects determine the maximum level of compactness of the fiber
networks. For a cylindrical volume of piR20 L f ib, and assuming
a perfect bundle of parallel fibers, it is easy to prove that the
maximum number of fibers that can be packed together (without
interaction) is limited to Nmax ≤ (R0/R f ib)2 fibers. Higher spa-
tial (3D) densities of fibers would lead to the direct collision of
several of these gaseous objects. With a larger cross-section than
cores, the elongated nature of the fibers in combination with a
more random orientation would also promote their direct inter-
action, rapidly decreasing of Nmax. In compact and clustered en-
vironments with R0 . L f il and multiple intertwined fibers like
NGC1333, fiber-to-fiber collisions appear to be practically un-
avoidable.
In the prevalent filamentary paradigm of star formation, a
vast theoretical framework describes the core formation mecha-
nisms via filament fragmentation (e.g., Larson 1985; Nagasawa
1987; Inutsuka & Miyama 1997; Fiege & Pudritz 2000; Heigl
et al. 2016). According to these models, the mass of the cores
is determined by the evolution of Jeans-unstable density pertur-
bations within individual filaments. In this framework, a cut-off
in the expected core mass distribution is, however, imposed by
the linear mass of their parental filaments, originally close to
equilibrium (Inutsuka 2001). Collisions between fibers offer an
interesting alternative to this fragmentation scenario in complex
fiber networks. Mergings of two (or more) fibers would gener-
ate large overdensities leading to the formation of massive and
highly unstable cores. The frequency of these mergings would
increase with the network complexity and the surface density of
fibers. Intuitively, and in comparison to isolated fibers fragment-
ing into Jeans-like cores, denser clusters with higher number of
fibers would naturally develop larger numbers and more massive,
super-Jeans cores.
7. Conclusions
We have investigated the dense gas properties and internal sub-
structure of one the nearest embedded, gas-rich proto-clusters in
the solar neighbourhood, the NGC1333 region in Perseus. Our
observational study combines a series of new large-scale, den-
sity selective IRAM 30m N2H+ (1-0) and Effelsberg 100m NH3
(1,1) and (2,2) molecular line observations along with previously
published Herschel-Planck dust-continuum data. The results we
obtained are as follow:
1. For the entire NGC1333 ridge, we estimate a total mass of
gas of ∼ 1700 M based on the Herschel continuum maps.
This gas component dominates the total mass load of this
embedded cluster at all radii (& 80%) compared to its stellar
contribution (< 20%).
2. Based on our N2H+ and NH3 observations, we detect a to-
tal mass of ∼ 250 M of dense gas at densities between
n(H2) ∼ 5 × 104 − 106 cm−3. This dense component cor-
responds to the coldest (Te f f . 15 K) and highest column
density material (N(H2) & 1022 cm−2) within the NGC1333
region. We report an increase of both the NH3-derived gas
kinetic and Herschel dust effective temperatures (> 15 K) in
the surroundings of the most active IRAS sources. Despite
these local heating effects, most of the dense gas remains un-
affected by the stellar feedback, and traces the pristine gas
structure of this young proto-cluster.
3. An inspection of the N2H+ line profiles reveals a complex
internal gas kinematics characterized by a high multiplicity
and line variability. Using a improved version (v.1.1) of the
FIVE algorithm (Hacar et al. 2013), we identify a total of 14
velocity-coherent fibers within the central NGC1333 clump.
The mass recovered in fibers corresponds to ∼ 90% of the
total mass of dense gas in this cloud detected in spectra with
S/N ≥ 3.
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4. Statistically speaking, the NGC1333 fibers present total
lengths of ∼ 0.4 pc, transonic internal velocity dispersions,
and mass-per-unit-length between mlin ∼ 12-85 M pc−1.
Also, the fibers exhibit a high degree of internal fragmen-
tation with typically 3-4 cores per fiber. Their average prop-
erties mimic those of the so-called fertile fibers previously
identified in low-mass fibers identified in B213-L1495 using
similar extraction and analysis techniques. Based on its inter-
nal gas properties and substructure, we define the NGC1333
proto-cluster as a bundle of fertile fibers.
5. Our observations reveal both isolated star-forming clouds
(e.g., B213-L1495, Hacar et al. 2013) and intermediate-mass
clusters (e.g., NGC1333, this work) as fiber networks of dif-
ferent complexity. In both types of clouds, most of the dense
cores (>90 %) are originated within fibers, likely via gravi-
tational fragmentation.
6. For the first time, our calculations demonstrate that the cur-
rent number and surface density of dense cores and young
protostars linearly scales with their corresponding observed
number and surface density of fertile fibers, respectively.
These results suggest that the classical distinction made be-
tween isolated (e.g., Taurus) and clustered (e.g., Perseus)
star-forming clouds might originate from their initial density
of fertile fibers.
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Table 2. Core candidates in NGC1333: derived properties
Core Fiber ∆α ∆δ Ipeak Ipeak/I0 FWHM M Vlsr σNT /cs Ros08 TK
(”) (”) (K) (pc) (M) (km s−1) (ID) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 1 -511 -315 0.6 1.5 0.099 0.38 7.19 0.5 — —
2 2 -489 -58 0.8 1.5 0.087 0.37 7.75 0.8 — —
3 2 -480 -16 0.6 1.4 0.120 0.52 7.70 0.8 — —
4 1 -475 -167 1.5 1.9 0.080 0.72 7.34 0.8 — —
5 1 -475 -242 2.1 2.2 0.072 0.91 7.27 0.7 40 10.8
6 3 -463 -630 1.0 1.4 0.089 0.65 6.64 0.8 41 10.6
7 3 -439 -505 0.7 1.5 0.064 0.22 6.74 1.0 43 10.5
8 4 -432 127 2.0 1.9 0.081 0.91 7.92 1.9 — —
9 1 -429 -113 2.4 2.1 0.064 0.71 7.42 1.0 44 12.4
10 3 -379 -553 1.8 1.6 0.087 1.02 7.01 0.9 46 10.5
11 4 -378 198 3.0 1.6 0.078 1.26 8.17 1.4 47 11.7
12 4 -371 165 3.4 1.7 0.072 1.40 7.98 1.4 48 11.7
13 3 -340 -541 1.6 1.5 0.087 0.93 7.36 0.8 50 10.5
14 5 -292 4 1.4 1.5 0.101 1.05 8.26 1.1 51 10.8
15 5 -277 -37 2.3 1.7 0.076 1.08 7.97 1.3 — —
16 5 -273 40 1.8 2.0 0.077 0.85 8.25 1.0 52 11.3
17 6 -272 358 0.7 1.5 0.074 0.28 8.35 0.8 — —
18 6 -220 376 0.8 1.4 0.091 0.40 8.31 0.9 — —
19 7 -207 180 1.9 1.8 0.067 0.65 7.64 1.1 56 13.8
20 5 -197 -30 6.6 3.1 0.074 2.67 7.74 2.1 58 16.5
21 7 -169 251 3.5 2.2 0.086 1.56 7.77 1.3 59 14.5
22 7 -163 307 2.4 1.6 0.072 0.99 7.74 1.7 57 16.4
23 8 -154 -82 3.7 2.1 0.066 1.24 7.20 1.1 — —
24 7 -125 377 3.5 2.0 0.082 1.67 7.81 1.6 64 14.4
25 8 -99 -185 3.6 2.0 0.071 1.50 7.08 1.4 65 12.5
26 7 -98 322 3.8 1.7 0.068 1.46 7.92 1.5 66 16.4
27 — -74 -9 9.1 2.8 0.088 5.04 7.39 2.1 68 16.4
28 9 -73 40 7.6 2.7 0.062 2.27 8.41 1.4 67 16.3
29 10 -67 7 6.9 1.9 0.068 2.07 7.72 1.9 68 16.4
30 9 -55 211 2.0 1.8 0.084 1.00 8.47 1.3 69 13.6
31 9 -33 44 7.5 2.7 0.083 2.90 8.48 1.4 70 14.8
32 10 -28 9 5.4 1.6 0.075 2.00 7.87 2.0 70 14.8
33 9 -8 129 2.6 1.8 0.076 1.13 8.53 1.2 72 12.6
34 10 -1 -2 3.7 1.6 0.075 1.74 7.72 1.8 73 12.3
35 — 23 -91 5.1 2.4 0.069 1.95 7.29 1.9 75 15.0
36 9 35 196 5.3 2.8 0.069 2.03 8.65 1.2 77 14.3
37 — 37 -107 5.1 2.5 0.068 1.90 6.88 1.9 78 13.5
38 10 53 -93 5.2 2.2 0.076 2.44 7.50 1.6 75 15.0
39 11 68 -134 3.7 3.3 0.139 2.81 7.27 1.4 78 13.5
40 11 88 -160 3.2 2.3 0.069 1.23 7.28 0.8 80 11.6
41 11 106 -194 1.6 2.1 0.084 0.90 7.40 1.2 80 11.6
42 12 108 779 2.1 2.5 0.100 1.25 7.47 0.8 81 11.8
43 — 138 611 3.7 4.1 0.049 0.60 7.03 1.3 82 11.9
44 11 142 -238 0.9 1.6 0.075 0.41 7.52 0.9 83 11.2
45 — 142 493 1.2 1.8 0.062 0.37 7.38 0.9 84 13.3
46 12 168 630 1.6 2.0 0.098 0.98 7.19 0.4 — —
47 13 181 1263 1.3 2.3 0.075 0.54 7.15 0.7 86 9.8
48 12 192 1097 4.1 3.7 0.061 1.20 7.44 0.7 87 10.4
49 12 221 786 2.0 2.2 0.072 0.77 7.36 0.9 88 10.3
50 14 311 867 0.5 1.3 0.100 0.33 7.79 0.9 — —
Notes. Column: (1) Core ID; (2) Fiber ID; (3) & (4) central position in radio offsets respect to the map center, (∆α,∆δ); (5) peak intensity, Ipeak
Intensity contrast respect to the surroundings, Ipeak/I0 ≥ 30%; (7) equivalent FWHM=
√
FWHM2x + FWHM2y ; (8) Mass within FWHM, M; (9)
central velocity, Vlsr; (10) non-thermal velocity dispersion, σNT /cs; (11) core ID in Rosolowsky et al. (2008) catalog; (12) gas kinetic temperature,
TK (when available). Cores are ordered by increasing ∆α.
Article number, page 24 of 25
A. Hacar et al.: Fibers in the NGC1333 proto-cluster
Table 3. Star formation in NGC1333 and B213-L1495
B213 NGC1333 Ratio
(1) (2) (3)
Length (pc) ? ∼ 10 ∼ 2 —
Radius (pc) ? ∼ 0.5 ∼ 0.4 —
Area=L × 2R (pc2) 10 0.8 0.08
Total mass (gas+stars; M) ∼ 700 ∼ 1300 1.8
N(protostars) 16 45 2.8
N(cores) 19 50 2.6
N(fibers) 35 15 0.4
N(fertile fibers) 7 15 2.1
N(cores)/N(fertile fib.) 2.7 3.7 1.4
SFE(dense) (%) ∼ 7.5 ∼ 10 1.3
Σ (proto) (pc−2)?? 1.6 56.3 35.1
Σ (cores) (pc−2)?? 1.9 62.5 32.9
Σ (fertile fibers) (pc−2)?? 0.7 18.7 26.8
Notes. (1) values derived by Hacar et al. (2013); (2) this work; (3) ratio
between NGC1333 and B213-L1495. Remarks: (?) Approximate cloud
extension (aka length and radius) covered in the corresponding studies.
(??) Surface densities calculated assuming with Σ(X) = N(X)/(2RL)
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